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In one of his lectures on immunochemistry at the University of California in
the summer of 1904 Svante Arrhenius said (1) that Ehrlich and other investi-
gators, because of incomplete knowledge of the phenomenon of chemical equi-
librium, had been led to invent artificial hypotheses in order to explain their
observations in the field of immunology. Since that time, and especially during
the last few years, workers in this field have made greater and greater use of the
concepts and methods of physical chemistry, and in consequence many pre-
viously puzzling observations have been reasonably interpreted.

Another branch of chemistry which is of importance to immunology is modern
structural chemistry, which deals with the detailed structure of molecules and
with the nature of interatomic and intermolecular interactions (2). Our present
knowledge of this subject, in large part won during the past dozen years, is now
so firmly founded and so extensive that it can be confidently used as the basis
for a more penetrating interpretation of immunological observations than would
be provided by the observations alone.

In this paper we present, after a brief historical introduction, a discussion of
the nature of the specific forces between antigen and antibody and of the precipi-
tation reaction from the point of view of modern chemistry. Only the simpler
aspects of the phenomena are discussed; such complicating factors as the réles
of complement, lipids, etc., in the reactions are disregarded in our discussion.

The history of the precipitation reaction began in 1897, when Rudolf Kraus (3)
reported the results of his work with anticholera and antityphoid sera. His
observations were soon verified and extended by Nicolle, Tchistovich, Bordet,
Myers and other workers, who prepared precipitating antisera against a great
number of antigens of varied nature. We shall not review this early work here,
nor the later studies of the methods of preparing antisera and carrying out the
precipitation reaction, since these topics and others dealing with special phases
of the reaction have been very well covered in earlier reviews (4, 5, 6).

Two most important advances in the attack on the problem of the nature of
immunological reactions were the discovery that the specific precipitate contains
both antigen and antibody (7) and the discovery that antibodies, which give
antisera their characteristic properties, are proteins. The verification of these
facts was provided by the work of many investigators over a score of years.
This work, which is summarized in Marrack’s monograph (6, chap. II), culmi-
nated in the preparation of purified antibody by Felton and Bailey (8), Heidel-
berger and collaborators (9), and others, and the determination of its properties,
including amino-acid composition and molecular weight, which show that it is
very closely related to normal serum globulin (6, chap. IT).
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The work of Landsteiner (10) and other investigators on artificial conjugated
antigens provided a great body of qualitative information on the specificity of
antibodies, which, together with the experimental results for natural antigens,
led to the independent proposal by Breinl and Haurowitz (11), Alexander (12),
and Mudd (13) in 1930-32 of the theory of structural complementariness of
antigen and specific antibody. The framework theory of precipitation was
then developed by Marrack (6) and Heidelberger (14). These and other theories
are discussed in some detail in the following sections of this paper.

A new period in the study of the precipitation reaction was initiated by the
careful quantitative studies of Heidelberger and his collaborators (15) who deter-
mined the amounts of antibody and antigen in precipitates, and the similar work
of Haurowitz (16) and others. Very recently, in order to test certain aspects
of his detailed theory of the structure of antibodies (17), Pauling and his col-
laborators have carried out many quantitative experiments on the precipitation
of antisera by polyhaptenic simple substances (18, 19, 20), a phenomenon first
observed by Landsteiner and Van der Scheer (21).

THE NATURE OF THE SPECIFIC FORCES BETWEEN ANTIGEN MOLECULES AND
ANTIBODY MOLECULES. The detailed information which has been gathered in
recent years regarding the nature of the chemical bonds which hold atoms to-
gether into stable molecules has been summarized in monographs (2, 22). In-
stead of interacting strongly with one another, with interaction energy of 20
kilocalories per mole or more, to produce a chemical bond, two atoms may
interact more weakly. The nature of these weak interactions is now well under-
stood, and a brief discussion of it is given in the following paragraphs. The
properties of antigen-antibody systems, especially the reversibility of complex
formation, are such as to indicate that the antigen-antibody attraction is due
to these weaker interactions and not to the formation of ordinary chemical bonds.

The weak interactions between two molecules may be classified as electronic
van der Waals attraction, Coulomb attraction, attraction of electric dipoles or
multipoles, hydrogen-bond formation, ete. The forces increase rapidly in mag-
nitude 4s the molecules approach one another more and more closely, and the
attraction between the molecules reaches its maximum when the molecules are
as close together as they can come. The molecular property which determines
the distance of closest approach of two molecules is the electronic spatial exten-
sion of the atoms in the molecules. It is possible to assign to each atom a
van der Waals radius, which describes its effective size with respect to inter-
molecular interactions. These radii vary in value from 1.2 A for hydrogen
through 1.4-1.6 A for light atoms (fluorine, oxygen, nitrogen, carbon) to 1.8-
2.2 A for heavy atoms (chlorine, sulfur, bromine, iodine, etc.). The shape of a
molecule can be predicted by locating the atoms within the molecule with use
of bond distances and bond angles and then circumseribing about each atom a
spherical surface corresponding to its van der Waals radius. This shape deter-
mines the ways in which the molecule can be packed together with other mole-
cules (2, sec. 24).

The most general forece of intermolecular attraction, which operates between
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every pair of molecules, is elecironic van der Waals attraction. This type of
electronic interaction between molecules was first recognized by London (23).
A molecule (of methane, for example) which has no permanent average elec-
trie dipole moment may have an instantaneous electric dipole moment, as the
center of charge of the electrons, in their rapid motion in the molecule, swings
to one side or the other of the center of charge of the nuclei. 'This instantaneous
dipole moment produces an instantaneous electric field, by which any other
molecule in the neighborhood would be polarized; the electrons of the second
molecule would move relative to its nuclei in such a way as to give rise to a
force of attraction toward the first molecule.

This electronic van der Waals attraction operates between every atom in a
molecule and every atom in other molecules in the near neighborhood. The
force increases very rapidly with decreasing interatomic distance, being inversely
proportional to the seventh power of the interatomic distance. Hence the
electronic van der Waals attraction between two molecules in contact is due
practically entirely to interactions of pairs of atoms (in the two molecules) which
are themselves in contact; and the magnitude of the attraction is determined by
the number of pairs of atoms which can be brought into contact. In conse-
quence, two molecules which can bring large portions of their surfaces into close-
fitting juxtaposition will in general show much stronger mutual attraction than
two molecules with less extensive complementariness of surface topography.

Other types of molecular interactions result from the possession of a perma-
nent electric charge, electric dipole moment, or electric moment of higher order
by one or both of the interacting molecules. The effects of these charges and
moments have been classified in various ways, as ion-ion forces, dipole-dipole
forces, forces of electronic polarization of one molecule in the dipole field of
another, ete. All electrostatic interactions are very much smaller in water than
in a medium of low dielectric constant, and it can be shown by calculation, mak-
ing use of known values of the effective dielectric constant of water for charges
a given distance apart (24), that in general these electric forces are of minor
importance, except when an isolated or essentially isolated electric charge is
involved. The electrostatic attraction of a positive group such as a substituted
ammonium ion and a negative group such as a carboxyl ion becomes significantly
strong, with bond energy 5 kilocalories per mole or more, if the structure of the
molecules containing the groups is such that they can come into juxtaposition.

A type of intermolecular attractive force which ranks in importance with the
electronic van der Waals attraction and the attraction of oppositely charged
groups is that associated with the structural feature called the hydrogen bond.
The importance and generality of occurrence of the hydrogen bond were first
pointed out in 1920 by Latimer and Rodebush (25) and summaries of the proper-
ties of the bond are given in the monographs quoted above. A hydrogen bond
results from the attraction of a hydrogen atom attached to one electronegative
atom for an unshared electron pair of another electronegative atom. The
strength of a hydrogen bond depends on the electronegativity of the two atoms
which are bonded together by hydrogen; fluorine, oxygen, and nitrogen, the













































